The controlled surface deposition of a robust and highperformance nanostructured copper-oxide (CuO x -NLs) electrocatalyst for water oxidation is presented. The material exhibits a characteristic leaf-type morphology and self-assembles on a copper substrate by straightforward constant-current anodization. The oxygen onset occurs at about 1.55 V versus RHE (η = 320 mV), which is 400−500 mV less than for amorphous Cu-oxide films. A Tafel slope of 44 mV dec −1 is obtained, which is the lowest observed relative to other copper-based materials. Long-term catalytic performance and stability tests of the electrocatalytic CuO x -NLs sample show a stable current density of >17 mA cm −2 for oxygen evolution, which was sustained for many hours.
T here are continuous efforts to develop a strategy to produce renewable and cleaner energy carriers from abundant solar radiation and water. 1, 2 In this quest, catalytic water oxidation is regarded as a primary process, and many inorganic materials and transition metal-oxides are considered good candidates for this conversion. 2, 3 Metal-oxide catalysts can be electrodeposited on conducting substrates from carbonate, phosphate, or borate electrolytes in the presence of metal ions. 4−6 To eliminate the possibility for interaction of metal ions with the cathodic sites during electrolysis, membranes or separators are usually employed that make the system more complex and introduce resistance and diffusion limitations in the electrochemical process. 7 New preparation methods are required that are easily implemented, and catalytic materials are desired to perform in metal ion free systems for sustained electrochemical operation. 8, 9 In addition, control over the catalyst morphology and surface structure is important to induce a high surface area and phase purity, facilitating both charge transfer and mass transport during catalysis reaction. 9, 10 Stable and efficient metal-oxide derived electrocatalysts can develop in a carbonate/bicarbonate system under mild conditions. 5,11 HCO 3 − /CO 3 2− is suggested to facilitate proton management and prevent the degradation of these catalytic materials under anodic conditions. 12− 14 We observed that anodization of a copper electrode via repetitive potentialsweeps or at constant-potential in a carbonate buffer induces the formation of very small copper-oxide particulate materials (CuO x -NPs) having oxygen onset at ∼1.59 V versus RHE (η ≥ 360 mV). In addition, we found that nanoscale leaf-shaped Cuoxide (CuO x -NLs) surface structures ( Figure S1 ) are formed during controlled anodization of a chemically etched copper substrate at a constant current density of 4.0 mA cm −2 in a carbonate system. The CuO x -NLs exhibit a remarkably low overpotential for water oxidation (η = 320 mV) relative to other Cu-based electrocatalysts 13−15 and many inorganic materials. 16, 17 Scanning electron microscopy (SEM) imaging shows a leaves-type copper-oxide matrix (Figure 1a ). Individual leaflets are around 250 nm long and 60−70 nm wide (Figure 1b and S2). In contrast, copper oxide films produced by repetitive CV scans or via constant-potential surface anodization on native Cu-foil reveal a particulate-type structural morphology ( Figure  1c ) with particle sizes around 70 nm (Figure 1d ). We ascribe the uniform surface-generation of CuO x -NLs on Cu-substrate to a controlled surface electrochemical process involving Cu oxidation to form Cu n+ type surface species that quickly turn into a metal hydroxide/oxide type composition on the etched metal substrate during the metal-oxide deposition phase ( Figure S3 ).
XPS (X-ray photoelectron spectroscopy) data are characteristic for Cu(II)-oxides on a pure copper metal surface. The binding energy (BE) region between 928 and 965 eV shows the response from the Cu 2p 3/2 and Cu 2p 1/2 core levels at 933.8 and 953.8 eV, respectively ( Figure S4 ). 18 A high BE of 933.8 eV for the Cu 2p 3/2 confirms the presence of Cu 2+ species. 19 The difference between the Cu 2p 3/2 and Cu 2p 1/2 levels is about 20 eV, which is in good agreement with data for the spin−orbit splitting reported for CuO preparations. 20 These observations are representative XPS signatures of the presence of Cu(II) derived metal-oxides. 21 Next to the Cu 2p 3/2 XPS signal, there are two overlapping satellite peaks at higher BE between 940 and 943.9 eV ( Figure S4b ). These satellite peaks are characteristic of Cu 2+ materials with a d9 configuration in the ground state (absent in case of Cu 2 O) and are in good agreement with the values reported for Cu 2p levels in CuO phase. 22 The CuO x -NLs sample exhibits a lattice O 1s peak at binding energy of 531.8 eV that is attributed to a surface-bound hydroxide species originating from adsorbed H 2 O molecules on the surface of the CuO-based film ( Figure S4c ). 20 EDX (energy dispersive X-ray) measurements for the bulk elemental composition show Cu and O with a 1:1 ratio in the CuO x -NLs film ( Figure S5 ). There is about 9% carbon content, which is thought to contribute to inducing high surface area, good electron transport, and enhanced structural flexibility. 23 The Raman spectrum for the CuO x -NLs reveals a CuO x Ag band at approximately 295 cm −1 ( Figure S6 ). The weak response at 340−344 cm −1 and a broad strong band centered at 628.5 cm −1 are assigned to the 2Bg modes in the metal-oxide. The Raman frequencies are well in line with data for pure single-phase CuO x films having good crystallinity. 24 Cyclic voltammetry shows the onset of the catalytic water oxidation current at 1.55 V (vs RHE) that grows rapidly and reaches >50 mA cm −2 under 1.84 V vs RHE (Figure 2 ). This O 2 onset potential is the lowest reported for electrogenerated Cu-oxide-derived water oxidation electrocatalysts. 13, 14 Extended potential sweeping to 2.1 V vs RHE strongly increases the current density, which approaches 200 mA cm −2 on the CuO xNLs-based electrode surface ( Figure S7) . A magnified CV view shows a copper oxidation polarization prefeature between 0.7− 0.9 V, followed by a small potential window of steady current and the pronounced catalytic wave at ca. 1.55 V (inset Figure  2) . The oxidative prefeature can be attributed to the surface oxidation of metallic copper Cu 0 into Cu I , and leading to Cu II type species with potential increment.
25,26
The repetitive potential sweeps reproduce similar current density signatures on the 1st, 100th, and 500th CV scan, indicating little degradation or loss of performance of the CuO x -NLs system during electrocatalysis (Figure 3 ). For the Cu-oxide NPs type catalytic film, CV produces a higher O 2 onset potential of ∼1.59 V (vs RHE), observed during water oxidation ( Figure S8 ). Also there is relatively low catalytic activity of the CuO x -NPs electrocatalyst compared to CuO xNLs in the higher potential regime and a current density of 50 mA cm −2 is obtained at >2.0 V (vs RHE). The current− overpotential (η vs log (i) plot of the CuO x -NLs during OER produces a Tafel slope of 44 mV dec −1 (inset Figure 3) . This Tafel slope is distinct for the CuO x -NLs based electrocatalyst as the CuO x -NPs presented here and other Cu-oxide based electrocatalytic systems show much higher Tafel slopes ( Figure  S9) . 13, 14, 25 A small Tafel slope is representative of well-balanced kinetics over all steps of the entire conversion chain. The slow increase of the Tafel slope at higher voltages is attributed to increasing internal resistance. The system is characterized by high charge transfer rates, and a high density of active catalyst sites accumulated during anodic polarization. There is also good mass transfer from the open structural morphology and high crystallinity of the catalytic phase supporting electron transfer without scattering losses. 9, 23 In addition, the broad enhanced Raman response for the collective Bg mode at 629.5 cm −1 suggests the possibility for vibrationally assisted catalysis for avoiding transfer losses and potential drop in the catalytic sites when increasing the rate. 27 For the long-term performance and stability test of the electrocatalytic CuO x -NLs, controlled-potential water electrolysis (CPE) and controlled-current electrolysis (CCE) are conducted in carbonate electrolyte. CPE at 1.81 V (η ≈ 580 mV) shows an excellent and sustained oxygen evolution current density approaching 17 mA cm −2 (Figure 4a) . The current density during 20 h remains highly stable with no noticeable decrease in catalytic performance. On the CuO x -NPs system, the observed O 2 evolution current density is 5.2 mA cm −2 during the CPE run. The current density for CuO x -NLs layers is more than 3 times higher than for the CuO x -NPs film ( Figure  4a ). For the CuO x -NLs sample, online oxygen measurements show 955 μmol of O 2 generation in 10 h of CPE with a Faradaic efficiency of >98%, corresponding to an oxygen generation rate of ∼95.5 μmol per hour, and about 39 μmol of oxygen per hour for the as-prepared CuO x -NPs ( Figure S10 ). During constant current electrolysis, the CuO x -NLs sample remains remarkably stable for water oxidation at current densities of 10 mA cm −2 and 20 mA cm . To achieve 10 mA cm is preserved for more than 20 h of water electrolysis ( Figure  4b) . Similarly, a current density of 20 mA cm −2 is maintained at just ∼1.88 V (vs RHE) in a clean carbonate system. There is no observable catalytic degradation and change in the voltage during CCE, which is a direct indication of the stability and sustained catalytic activity of the CuO x -NLs.
In summary, we have deposited a copper-oxide based electroactive material via controlled current anodization in a clean carbonate system (pH ≈ 11) that forms a stable and highperformance water oxidation electrocatalyst. The CuO x -NLs are crystalline, and no surface treatment, electrochemical conditioning, or pre/post-annealing procedures are required to develop them. Oxygen evolution initiates at a very low overpotential (η = 320 mV), and an oxygen evolution current density of 10 mA cm −2 is achieved at 1.68 V (vs RHE). The current density remains stable during long-term testing for catalytic performance, and catalysis operation can be sustained for more than 24 h. The high catalytic activity of the CuO x -NLs electrocatalyst in carbonate solution is attributed to the leaftype convex nanostructured surface morphology, presence of carbon contents in the film, and the pure phase crystallinity with a characteristic vibrational structure of the collective Bg oxygen modes. Coupling of oxygen vibration to electronic charge transfer may facilitate catalysis and electron spin alignment for O−O bond formation with the Cu in a d9 ground state. The high catalytic rate of the CuO x -NLs system also confirms the synergistic role of the carbonate for electron transport in the catalytic cycle, while the strong catalytic response suggests a mediating role of the alkaline surrounding in the proton management. 12 The high current density that can be achieved in this way is a step forward in the quest for solar to chemical energy conversion via water splitting. 28, 29 ■ ASSOCIATED CONTENT
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